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PREFACE 
The concept of us ing  balloons as wind sensors  and i n t e r r o g a t i n g  
them v i a  s a t e l l i t e  r a i s e d  the  question of whether a la rge  number of 
f r e e - f l o a t i n g  bal loons can be maintained i n  a world-wide d i spe r s ion  t h a t  
would provide the  required wind data. 
of RAND'S continuing research on s a t e l l i t e  meteorology and i s  an attempt,  
s p e c i f i c a l l y ,  t o  devise a s imple  model w i t h  which t o  check the feasibii i-  
i t y  of main ta in ing  such a dispers ion at no cos t  of balloons o r  launching 
paraphernal ia .  
The study presented here i s  pa r t  
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ABSTRACT 
A method i s  developed for  t r e a t i n g  t h e  p o s i t i o n  andmot ion  of 
l a r g e  numbers of  cons t an t - l eve l  balloons i n  a p r o b a b i l i s t i c  fashion. 
The gene ra l - c i r cu la t ion  model of Mintz i s  used t o  generate  estimates 
of t h e  motion of 1000 bal loons at approximately t h e  400-mb level f o r  
a pe r iod  of 45 days. The loca t ion  of t h e  bal loons each day i s  expressed 
as the p r o b a b i i i t y  of being 'located iii m e  of 34 p s s i b l e  regions nf the 
e a r t h .  The motions are s p e c i f i e d  by t h e  t r a n s i t i o n  p r o b a b i l i t i e s  from 
one region t o  another  i n  a 24-hour period. The degree t o  which t h e  
p r o b a b i l i t i e s  computed from the  general  c i r c u l a t i o n  can be expected t o  
match p r o b a b i l i t i e s  computed from real bal loon t r a j e c t o r i e s  i s  discussed. 
It i s  then shown how p r o b a b i l i t i e s  such as these ,  but more appropriate  
t o  t h e  real atmosphere, could be used t o  show how bal loons would be 
d i s t r i b u t e d  and how reasonable v a r i a n t s  of  t h e  expected d i s t r i b u t i o n  
could be computed. It i s  suggested t h a t  t he  e x e r c i s e  of t h i s  type of  
p r o b a b i l i s t i c  model could lead t o  a r a t i o n a l  s t r a t e g y  f o r  launching 
bal loons t o  a t t a i n  a n  optimum d i s t r i b u t i o n  of  bal loons over t h e  globe. 
PRECEDlNG PAGE BLANK NOT FILMED. 
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I. INTRODUCTION 
The need f o r  an adequate global  coverage of meteorological  observa- 
t i o n s  has  been growing s t e a d i l y .  
have provided meteoro logis t s  with the means t o  handle  l a r g e  rlumbers of 
d a t a  and t o  numerically i n t e g r a t e  complex sets of d i f f e r e n t i a l  equat ions .  
Meteoro logis t s  have been ab le  t o  formulate inc reas ing ly  r e a l i s t i c  mathe- 
m a t i c a l  models of t he  ~ t m s p h e r e  using t h e  improved quan t i ty  and q u a l i t y  
of weather d a t a  t h a t  have become ava i l ab le  s i n c e  World War 11. The s c i -  
ence of numerical weather p red ic t ion  has  now reached a state where the  
pauc i ty  of good observat ions over l a rge  segments of t he  globe can be 
shown t o  have a d e l e t e r i o u s  e f f e c t  on t h e  d a i l y  p red ic t ions .  
improved atmospheric models a l ready ope ra t ing  a s  research  t o o l s  and t h e  
increased  computing capac i ty  t h a t  is  w e l l  w i th in  our grasp ,  we w i l l  have 
reached t h e  po in t  where our  a b i l i t y  t o  handle da t a  w i l l  g r e a t l y  exceed 
t b e  quan t i ty  and q u a l i t y  of t he  data  a v a i l a b l e  t o  us .  One of t he  pro- 
posed s o l u t i o n s  t o  the  problem of an adequate world-wide weather observ- 
i n g  system is  the  use  of f r ee - f loa t ing  bal loons i n  conjunct ion wi th  an 
i n t e r r o g a t i o n  system contained i n  s a t e l l i t e s .  The purpose of t h i s  s tudy 
i s  t o  examine such a system and t o  develop a technique f o r  p red ic t ing  
and analyzing i t s  operat ion.  
The advances i n  computer technology 
With t h e  
The bas i c  idea  of t he  system was proposed i n  1959 by L a l l y ,  who 
realized before  the  first, vea the r  satellite was launched t h a t  cloud p i c -  
t u r e s ,  though u s e f u l ,  would not  be adequate da t a  f o r  numerical f o r e c a s t  
techniques.  H e  proposed the  GHOST (Global Hor izonta l  Sounding Tech- 
nique)  system at  t h a t  time. The GHOST proposal  was t o  use superpressure 
ba l loons  f l o a t i n g  on cons tan t  dens i ty  s u r f a c e s  as wind sensors  and a s  
platforms f o r  measuring temperature, and t o  i n t e r r o g a t e  these  bal loons 
from a s a t e l l i t e .  
and t h e  d i s t r i b u t i o n  of t he  balloons i t  would then be poss ib l e  t o  have 
f r equen t ,  world-wide r epor t s  of the dynamic elements needed by the  fo re -  
c a s t  techniques.  
Depending on the number of bal loons and s a t e l l i t e s  
The s u b j e c t  of t h i s  s tudy i s  the  d i s t r i b u t i o n  of t h e  ba l loons .  
Because of semipermanent a reas  of convergence and divergence i n  t h e  
-2 - 
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atmosphere i t  i s  e n t i r e l y  poss ib l e  t h a t  t h e  cons t an t - l eve l  bal loons 
might be swept out of some regions and concentrated i n  o t h e r s .  
would be p a r t i c u l a r l y  d i s a s t r o u s  t o  t h e  program i f  bal loons were sys-  
t ema t i ca l ly  removed from a r e a s  where they were needed and concentrated 
i n  areas where they were not u s e f u l .  The evidence t o  d a t e  i s  not com- 
p l e t e l y  c l e a r .  Mesinger ,(2) using d a t a  from t h e  Nat ional  Meteorological 
Center ,  computed divergent  t r a j e c t o r i e s  f o r  a t h i r ty -day  period and com- 
pared the d i s t r i b u t i o n  of the computed p o s i t i o n s  t o  the  d i s t r i b u t i o n  
expected by a random placement of p o i n t s .  
l a t e d  d i s t r i b u t i o n  was not  very d i f f e r e n t  from t h a t  expected from a 
random d i s t r i b u t i o n  and t h a t ,  t h e r e f o r e ,  t h e  divergence problem was not  
important. 
divergence on the GHOST s:stem, however, an independent s e t  of c a l c u l a -  
t i o n s  was made by Mesinger and  mint^'^) based on the  g e n e r a l - c i r c u l a t i o n  
model of Mintz. 
r e s u l t s .  Mesinger used a s  h i s  measure of divergence the d i s t r i b u t i o n  
of balloons from a s e r i e s  of randomly spaced, f i x e d  p o i n t s .  Mesinger 
and Mintz used the  same measure of divergence but appl ied i t  t o  t h e  
hypo the t i ca l  t r a j e c t o r i e s  computed from the  Mintz model. We propose t o  
use the  t r a j e c t o r i e s  computed from the  Mintz model bu t  w i l l  express  the 
r e s u l t s  a s  a concen t r a t ion  of balloons i n  s p e c i f i e d  regions.  
It 
He concluded t h a t  t he  ca l cu -  
Because of t he  poss ib ly  g r e a t  economic impl i ca t ions  of t he  
These r e s u l t s  were a t  var iance with Mesinger 's  e a r l i e r  
We w i l l  d ivide t h e  e n t i r e  globe i n t o  a number of mutually exc lus ive  
regions.  We w i l l  then use the  t r a j e c t o r y  d a t a  from t h e  Mintz c i r c u l a t i o n  
model t o  compute a t r a n s i t i o n  p r o b a b i l i t y  ma t r ix  f o r  t h e s e  regions.  That 
i s ,  we w i l l  compute t h e  p r o b a b i l i t y  t h a t  a bal loon i n  region i w i l l  move 
t o  a region j i n  a f i x e d  time; t hese  cond i t iona l  p r o b a b i l i t i e s  of a l l  
regions i n t o  a l l  o t h e r  regions w i l l  form t h e  t r a n s i t i o n - p r o b a b i l i t y  
matr ix .  
We hope f o r  two advantages by t h i s  t reatment .  F i r s t ,  i t  w i l l  be 
poss ib l e  t o  t e s t  the t r a n s i t i o n  p r o b a b i l i t i e s  so computed aga ins t  some 
a c t u a l  balloon f l i g h t s  made by the  transosonde program. ( 4 )  
provide a t  l e a s t  a h i n t  of how reasonable i t  i s  t o  assume t h a t  t h e  
t r a j e c t o r i e s  of t h e  gene ra l - c i r cu la t ion  model r ep resen t  t h e  r e a l  atmos- 
phere.  Second, t h e  p r o b a b i l i s t i c  approach w i l l  make i t  poss ib l e  t o  
This w i l l  
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test  the  e f f e c t  of var ious  launching s t r a t e g i e s  on t h e  ba l loon  d i s t r i -  
bu t ion .  
ba l loons  t o  f i l l  gaps caused by divergence may w e l l  s p e l l  the d i f f e rence  
between an economically sound system and an expensive f a i l u r e .  
An e f f i c i e n t  method f o r  replacing l o s t  ba l loons  o r  supplying 
P r o b a b i l i s t i c  Dynamics 
Consider a l a rge  number of balloons f l o a t i n g  a t  a cons tan t  level 
i n  t h e  atmosphere whose geographic p o s i t i o n ,  E ,  and hor i zon ta l  v e l o c i t y ,  
- V ,  can be measured a t  a series of times, ti. 
of t h i s  type i s  t o  group them i n t o  nonoverlapping geographical  regions 
t h a t  cover the  e a r t h .  The ve loc i ty  d a t a  can be grouped i n t o  nonoverlap- 
ping a reas  on the  vec to r  wind p l o t .  I f  n geographical  a r eas  a r e  def ined 
and m a r e a s  a r e  def ined on t h e  wind p l o t ,  t h e r e  w i l l  be s = nm s t a t e s  
i n  which t o  group a l l  of t he  balloon da ta .  
One way t o  summarize d a t a  
The motion of the bal loons can a l s o  be descr ibed  i n  a s ta t i s t ica l  
manner. I f  a t  time t the ba l loon  is i n  s t a t e  S and a t  a l a t e r  t i m e ,  
say t + 6 ,  is  found t o  be i n  s t a t e  S 
i t y  i s  represented  by t h e  change i n  s t a t e .  
ba l loon  w i l l  move from S t o  S .  i n  t he  t i m e  i n t e r v a l  6 is  denoted by 
p. .(6) and is  c a l l e d  the  t r a n s i t i o n  p r o b a b i l i t y .  Since both i and j 
2 range from 1 t o  s ,  t he re  w i l l  be  s poss ib l e  t r a n s i t i o n s .  The s x s 
ma t r ix  of t hese  t r a n s i t i o n  p r e b a b i l i t i e s  i s  denoted by P(6)  and i s  
c a l l e d  the  t r a n s i t i o n - p r o b a b i l i t y  matr ix ,  (See F ig .  1 .) 
i 
i t s  change i n  p o s i t i o n  and veloc- 




I f  t h e  t r a n s i t i o n - p r o b a b i l i t y  mat r ix  i s  cons tan t  Over per iods  of 
time which a r e  long compared with 6 ,  t h e  probable d i s t r i b u t i o n  among the  
states can be est imated as a funct ion of time. Suppose t h a t  Ti repre-  
s e n t s  t h e  p r o b a b i l i t y  of f i n d i n g  a ba l loon  i n  s ta te  i a t  time t. Then 
the  vec to r  p r o b a b i l i t y  a t  time t ,  
i 
m u l t i p l i e d  by the  t r a n s i t i o n - p r o b a b i l i t y  matrix w i l l  y i e l d  t h e  probabi l -  
i t y  v e c t o r  f o r  t h e  time t + 6 
lI(ti-6) =rI( t> P(6)  
-4- 
Fig. 1 -- Transition-probability matrix 
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If t h i s  process  i s  repeated k t i m e s ,  
n(t+k6) = n(t) Pk(6) 
I f  t he  a c t u a l  d i s t r i b u t i o n  of a set  of bal loons i s  known a t  some 
t i m e ,  t ,  then  t h e  expected d i s t r i b u t i o n  of these  bal loons a t  t h e  time 
t + k6 can be found from 
E[N(t+kS)] = N ( t )  Pk(6) 
where E[N(t+kS)] represents  t h e  expected number of balloons, N(t)  i s  a 
vec to r  of random v a r i a b l e s  (n  n2 ... n 
bal loons i n  each s t a t e , a n d  P (6 )  i s  the  t r a n s i t i o n  mat r ix  f o r  the per iod 
kd. Thus i f  the  p o s i t i o n  of a group of bal loons is  known a t  some t ime,  
t h e  expected number i n  each region a t  some l a t e r  time can be est imated 
from the  t r a n s i t i o n  matrix. 
... n ) giv ing  the  number of i S k1 ’ 
I f ,  i n  add i t ion  t o  t h e  expected number of ba l loons ,  a measure of 
t h e  v a r i a t i o n  i s  des i r ed ,  t h i s  can be developed from t h e  binomial d i s -  
t r i b u t i o n .  It is  convenient for  t h i s  purpose t o  drop the  mat r ix  nota- 
t i o n  and t o  simply dea l  with an  ind iv idua l  c e l l  of the matr ix .  I f  p i j  
i s  the  p r o b a b i l i t y  t h a t  a balloon w i l l  move from region i t o  region j ,  
then  the  expected number of balloons t h a t  a r r i v e  i n  reg ion  j from 
region  i i s  
where n i s  t h e  number of balloons t h a t  o r i g i n a t e  i n  region i. I f  it 
i s  assumed t h a t  t h e  movement of bal loons is independent from one region 
t o  another ,  t h e  t o t a l  number of ba l loons  t h a t  a r r i v e  i n  region j i s  
simply the  sum over a l l  of t h e  regions i, t h a t  i s ,  
i 
The var iance  of t h e  number of balloons t h a t  a r r i v e  i n  region j from 
-6- 
region i i s  
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and, with the same assumption of independence, t he  var iance of t h e  
number of balloons a r r i v i n g  i n  region j from a l l  o t h e r  regions i s  
If there a re  many balloons i n  each r eg ion  i n i t i a l l y ,  t he  p r o b a b i l i t y  
d i s t r i b u t i o n  of bal loons i n  a given region a t  a t i m e  k w i l l  be approxi- 
mately normal with mean E[n.(t+kG)] and s tandard dev ia t ion  {var [n . ( t+k6) ] ]  . % J J 
The r a t i o  of the s tandard dev ia t ion  t o  t h e  expected value i s  a crude 
measure of the degree t o  which t h e  expected d i s t r i b u t i o n  is a t t a i n e d  a t  
any time. I f  the r a t i o  i s  small compared t o  1, an a c t u a l  d i s t r i b u t i o n  
would be expected t o  be c l o s e  t o  t h e  expected va lue .  I f  t h e  r a t i o  i s  
near  1, t h e  a c t u a l  d i s t r i b u t i o n  would not be c l o s e  t o  t h e  expected. I f  
the expected number of bal loons i n d i c a t e s  a s e r i o u s  de f i c i ency  i n  some 
a r e a ,  t h e  e f f e c t  of launching some bal loons can be est imated by simply 
adding balloons t o  the  appropr i a t e  a r e a s  and checking t h e  expected d i s -  
t r i b u t i o n  t o  determine whether o r  not t he  launch po l i cy  i n  f a c t  improved 
t h e  est imates  of the f u t u r e  d i s t r i b u t i o n .  We hope t h a t  w i th  a l i t t l e  
experience with t h i s  type of model we w i l l  be ab le  t o  de f ine  a technique 
f o r  deciding upon a launch s t r a t e g y  t h a t  does not  depend on a t r i a l - a n d -  
e r r o r  procedure. 
-7 - 
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11. THE DATA 
I n  order  t o  t r y  t h i s  approach t o  t h e  problem of insur ing  an adequate 
coverage of cons tan t - leve l  bal loons,  i t  i s  necessary t o  l e a r n  something 
about t he  t r a n s i t i o n - p r o b a b i l i t y  matr ix .  The da ta  used by Mesinger and 
 mint^'^) w e r e  k indly  l e n t  t o  us by D r .  Mintz i n  the  form of a magnetic 
tape  which had hourly pos i t i ons  f o r  -1000 hypo the t i ca l  balloons a t  800 
and 400 m i l l i b a r s .  Because t h e  information we needed t o  cons t ruc t  t he  
t r a n s i t i o n - p r o b a b i l i t y  matr ix  could be e a s i l y  obtained,  we chose t o  use 
these  da t a  even though the re  was some ques t ion  about t h e i r  resemblance 
t o  r e a l  bal loon t r a j e c t o r i e s .  
t r a j e c t o r i e s  f o r  t he  representa t ion  of r e a l  t r a j e c t o r i e s  w i l l  be con- 
s i d e r e d  i n  a l a t e r  s ec t ion .  
The problem of the  adequacy of the  Mintz 
The su r face  of t h e  earth was divided i n t o  34 approximately equal  
areas as shown i n  Fig.  2. Five d i f f e r e n t  condi t ions of present  bal loon 
movement were e s t ab l i shed  as shown i n  Fig.  3 .  I f  t he  bal loon had moved 
more than 7.5 miles  i n  t h e  last  hour,  i t  was assigned a number cor res -  
ponding t o  the quadrant i n t o  which i t  moved. I f  t h e  bal loon had moved 
less than 7.5 m i l e s  i t  w a s  assigned the  number 5 ,  i n d i c a t i n g  an e s s e n t i a l -  
l y  s t a t i o n a r y  balloon. 
s e l e c t e d  a s  t h e  apprcxinate  d is tance  a bal loon would t r a v e l  i n  one day 
so t h a t  t he  p r o b a b i l i t i e s  t h a t  a ba l loon  would be i n  more than  two areas  
i n  one day would be very small .  
s i b l e  wind condi t ions the re  a r e  170 poss ib l e  s t a t e s  f o r  the  bal loons.  
The t r a n s i t i o n  matr ix  i s  therefore  a 170 x 170 matr ix .  
The s i z e  of the  geographical a reas  had been 
With 34 geographical areas and 5 pcs- 
Each f i c t i t i o u s  bal loon i n  t h e  Mintz program had an i d e n t i f y i n g  
number so  t h a t  i nd iv idua l  balloons could be followed. 
i n g  45 days of t r a v e l  of 1000 f i c t i t i o u s  bal loons a t  400 mb was read 
i n t o  the  machine. The motion of each bal loon from hour 0 t o  hour 1 was 
read and each bal loon was assigned a number from one t o  f i v e  according 
t o  t h e  motion scheme shown i n  Fig. 2. The p o s i t i o n  of each bal loon a t  
hour 1 was then  used t o  determine i t s  geographical a rea .  Thus each 
ba l loon  w a s  ass igned t o  one of t h e  170 poss ib l e  s t a t e s .  
each bal loon was then ca lcu la ted  f o r  t h e  per iod between hour 24 and 
The tape contain-  
The motion of 
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Fig. 2 -- Designations of surface areas used in 
computation of balloon distribution 







Fig. 3 -- States defined by the 1-hour movement 
of the balloon 
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hour 25, and t h e  geographical area fo r  hour 25 w a s  noted. 
was thus assigned t o  a s t a t e  a t  hour 25. 
each balloon i n  the 170 x 170 matr ix .  The process was repeated f o r  each 
succeeding 24-hour per iod f o r  t h e  45 days of d a t a  t h a t  were a v a i l a b l e .  
9 
The result was approximately 2 x 10 
elements of t he  t r a n s i t i o n  matr ix  could be est imated.  Table 1 shows a 
small  segment of t he  ma t r ix .  
Each bal loon 
This provides  an e n t r y  f o r  
t r a n s i t i o n s ,  from which the  28,900 
m e  reason f o r  i nc lud ing  some measure of t h e  present  motion of 
t he  balloon was the i n d i c a t i o n  from some prel iminary surveys and from 
Edinger and  rap^'^) t h a t  t h e r e  was some s o r t  of p e r i o d i c i t y  i n  t h e  winds 
which would induce a day-to-day v a r i a t i o n  i n  the  t r a n s i t i o n  matr ix .  
i s  possible  t o  note i n  the  sample of t h e  ma t r ix  shown i n  Table 1 t h a t  
t h e  i n i t i a l  motion of t h e  bal loon does indeed have some e f f e c t  on t h e  
t r a n s i t i o n  p r o b a b i l i t i e s .  Some of the p r o b a b i l i t i e s  a r e  not  r e l i a b l e ,  
however, because so  few balloons were found i n  the wind regions 3 and 4 
t h a t  t h e  sample s i z e s  were too s m a l l  t o  provide a reasonable e s t ima te  
of t h e  p robab i l i t y .  Moreover, t h e  time f o r  which t h e  t r a n s i t i o n  ma t r ix  
was computed was s u f f i c i e n t l y  long t o  average ou t  t h e  e f f e c t s  of any 
p e r i o d i c i t y .  
on t h e  balloon and t o  use the t r a n s i t i o n  matr ix  f o r  t he  34 geographical 
a r e a s .  Table 2 shows the 24-hour t r a n s i t i o n  ma t r ix  f o r  t h e  34 a reas  
which cover the  globe. 
It 
We t h e r e f o r e  chose t o  ignore t h e  e f f e c t s  of p re sen t  motion 
Not unexpectedly, a bal loon i s  most l i k e l y  t o  s t a y  i n  one a rea  on 
any given day. There a r e  two exceptions t o  t h i s  tendency: 
i n  NM-9 a re  most l i k e l y  t o  move i n t o  NM-1, and (2)  bal loons i n  SM-4 a r e  
most l i k e l y  t o  move i n t o  SM-5. Area NM-9 i s  t h a t  enc los ing  t h e  east 
coas t  of Asia and Japan where the j e t  stream i s  s t r o n g e s t  during t h e  
win te r ;  t he re fo re ,  t he re  i s  a high p r o b a b i l i t y  t h a t  t h e  bal loons w i l l  
move rapidly from west t o  e a s t .  SM-4 encloses  the southern p a r t  of 
South America and, even though on the  t ape  record i t  i s  summer i n  the  
Southern Hemisphere, i t  i s  not unreasonable t o  expect a j e c  stream i n  
t h i s  area.  
(1) balloons 
The ma t r ix  of Table 2 i s  P(6)  f o r  a value of 6 = one day. I f  we 
assume tha t  one bal loon s t a r t s  i n  each region a t  time ze ro ,  t h e  expected 
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SUM 1 1.18 1.831 1.73 1.14 1.08 1.13 1.14 0.98 1.04 1.04 0.531 0.70 0.74 0.67 0.68 0.;- 
b 
S M  0.62 0.71 0.63 0.59 0.66 0.85 1.11 1.14 1.17 0.97 1.25 1.24 1.19 1.14 1.02 
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1.31 1.04 16.64 
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number of bal loons i s  given by the sum of t h e  columns i n  Table 2. The 
expected number i n  t h e  e q u a t o r i a l  regions a f t e r  1 day is  only 8.6 b a l -  
loons where t h e r e  were 12 a t  t h e  s t a r t .  That i s ,  a f t e r  only l day t h e r e  
i s  evidence of t h e  bal loons being swept out  of t he  e q u a t o r i a l  regions.  
From the l a r g e  blank a rea  i n  the  upper r i g h t  of t h e  ma t r ix  we note t h a t  
t he  p robab i l i t y  of going from t h e  Northern Hemisphere i s  very small  
indeed. The maximum t r a n s f e r  southward across  t h e  equator  i s  from NE-6 
t o  SE-6, and the  p r o b a b i l i t y  i s  0.5 per cen t .  The maximum t r a n s p o r t  
northward across  the equator  i s  about 15 p e r  cen t  from SE-5 t o  NE-5. 
I n  o the r  words, the n e t  r e s u l t  would be a t r a n s f e r  of balloons north-  
ward across t h e  equator .  
By r a i s i n g  t h e  t r a n s i t i o n  ma t r ix  t o  t h e  k t h  power, t h e  expected 
d i s t r i b u t i o n  a f t e r  k days can be r e a d i l y  c a l c u l a t e d .  Table 3 shows the  
three-day ma t r ix .  Although none of t h e  t r a n s i t i o n  p r o b a b i l i t i e s  i s  
a s  l a rge  a s  i t  i s  f o r  one day, the east--west flow of t he  a i r  i n  midlat-  
i t udes  i s  apparent i n  t h a t  t he  maximum of t h e  p r o b a b i l i t i e s  has moved 
one o r  two regions t o  t h e  e a s t .  The convergence a r e a  i n  NM-1 shows r a t h e r  
s t rong ly  with t h e  expected number of ba l loons ,  assuming one bal loon p e r  
region a t  day 0 ,  reaching a value of 1.941. A secondary maximum i s  
apparent a t  NM-5 with an expected number of 1.447. The tendency f o r  
t h e  deplet ion of t he  e q u a t o r i a l  regions i s  a l s o  apparent.  The expected 
number of balloons i n  the e q u a t o r i a l  region has been reduced t o  6.5 
a f t e r  three days. 
The t r a j e c t o r i e s  computed from the  Mintz model a r e  a l l  r ep resen ta -  
t i v e  of Northern Hemisphere winter  months, but  t h e  t r a n s i t i o n  ma t r ix  
must vary with t h e  season. 
probably about one month. 
27-day t r a n s i t i o n  matr ix  was obtained. Assuming t h a t  one bal loon s t a r t -  
ed i n  each a r e a ,  t h e  expected number i n  each of t he  34 regions was com- 
puted and i s  shown i n  Table 4 .  The t r end  toward an accumulation of 
balloons i n  NM-1 i s  q u i t e  apparent with a secondary maximum i n  NM-5. 
I n  t h e  Southern Hemisphere t h e r e  i s  a weak maximum i n  SM-3, and t h e r e  
are r e l a t i v e l y  high va lues  through SM-1 and SM-2. A weak secondary max- 
imum i s  indicated i n  SM-5. The zonal t o t a l s  i n d i c a t e  t h a t  t he  e q u a t o r i a l  
The matr ix  can be assumed cons t an t  f o r  
The matr ix  was cubed successively u n t i l  a 
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sn- 9 - 
5p-1 
5p-2 -
S M  1.19 1.48 1.94 1.36 1.21 1.33 1.45 1,26 1.25 1.18 0.54 0.54 0.59 0.57 0.48 0.68 0.79 17.04 
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regions are  r ap id ly  being depleted,  and t h e  hemispheric t o t a l s  show t h a t  
t h e  balloons are being concentrated i n  t h e  Northern Hemisphere. 
These ma t r i ces  provide a d e s c r i p t i o n  of how balloons are expected 
t o  be d i s t r i b u t e d  by a g loba l  flow p a t t e r n  t h a t  i s  produced by t h e  
Mintz model. 
Mesinger and  mint^'^)'^) presented f o r  t h e  400-mb d a t a ,  but  express  the 
r e s u l t s  as a concentrat ion func t ion  r a t h e r  than a mean d i s t a n c e  between 
bal loons.  The conclusions t h a t  can be drawn about t h e  p o s s i b l e  c l u s t e r -  
i ng  of the bal loons a r e  a l s o  e s s e n t i a l l y  the same a s  those of Mesinger 
and Mintz. 
They con ta in  e s s e n t i a l l y  t h e  same information a s  t h a t  of 
The App l i cab i l i t y  of ;he Mintz Data 
Having discussed t h e  p r o b a b i l i s t i c  dynamics of t h e  Mintz model 
t r a j e c t o r i e s ,  it i s  important t o  t r y  t o  re la te  t h e s e  da t a  t o  t h e  behavior 
of r e a l  balloons i n  the rea l  atmosphere. I d e a l l y ,  one would compare 
a c t u a l  t r a j e c t o r i e s  with t r a j e c t o r i e s  computed from the same i n i t i a l  
da t a .  
s u f f i c i e n t l y  wel l  documented i s  the c o l l e c t i o n  of f l i g h t s  made by t h e  
Navy under t h e  transosonde program. ( 4 )  To run t h e  Mintz model f o r  t he  
da t e s  when t h e  transosondes were flown would be p r o h i b i t i v e .  The next 
b e s t  comparison of the t r a n s i t i o n  p r o b a b i l i t i e s  i s  between those com- 
puted from r e a l  bal loon d a t a  and those computed from t h e  Mintz model. 
Unfortunately the  only s i z a b l e  body of bal loon da ta  t h a t  a r e  
. 
Data f o r  transosonde f l i g h t s  w e r e  a v a i l a b l e  f o r  two win te r s  -- 
December 1957 and 1958, and January--February 1958 and 1959. These 
f l i g h t s  o r ig ina t ed  a t  Iwakuni, Japan and were t racked ac ross  t h e  P a c i f i c  
and i n t o  the United S t a t e s .  They provided da ta  f o r  cons t ruc t ing  a por- 
t i o n  of the t r a n s i t i o n  matr ix  which had balloons o r i g i n a t i n g  i n  regions 
NM-1,  NM-2, NM-3, nor th  e q u a t o r i a l  ( a l l  r eg ions ) ,  and n o r t h  po la r  (both 
r eg ions ) .  The bal loon count i s  shown i n  Table 5 .  These counts were 
converted t o  p r o b a b i l i t i e s  and a r e  compared i n  Table 6 with t h e  t r a n s i -  
t i o n  p r o b a b i l i t i e s  taken from Table 2.  It is  immediately apparent t h a t  
t h e  correspondence i s  not good. Except f o r  those o r i g i n a t i n g  i n  NM-3, 
t he  r e a l  balloons show a much g r e a t e r  tendency t o  move from w e s t  t o  
e a s t  than do the t r a j e c t o r i e s  from the  Mintz model. The d i sc repanc ie s  
noted f o r  NM-1 and NM-2 might w e l l  be due t o  a b i a s  i n  t h e  transosonde 
- .  
. 









NM- 2 NM- 3 NM-4 NE 
.72 .035 . 00 .035 
(.259) (.064) (.006j (.0Zij 
.22 .54 .05 .12 
(.473) (-325) (.093) (.014) 
. 00 .43 .36 . 2 1  
(. 000) (. 465) (. 393) (. 017) 
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T a b l e  5 






Tab le  6 
COMPARISON BETWEEN FRACTION OF REAL BAUOONS 
AND FRACTION OF MINTZ TRAJECTORIES 
MOVING FROM SECTOR TO SECTOR 
I 
T o t a l  *- (. 065) I (. 982) 
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d a t a .  The l a r g e  sample of Mintz t r a j e c t o r i e s  was made up of a thousand 
ba l loons ,  which were t racked f o r  45 days; t he  r e a l  bal loons a l l  o r i g i n a t e d  
i n  the same place and were tracked f o r  5 days. The bal loons t h a t  were 
a c t u a l l y  tracked i n  and out of NM-1 and NM-2, t h e r e f o r e ,  r ep resen t  only 
a small  s u b s e t  of a l l  poss ib l e  t r a c k s  through these  a r e a s .  I n  o r d e r  t o  
o b t a i n  a more comparable se t  of da t a  from the  Mintz t r a j e c t o r i e s  a sub- 
se t  of these t r a j e c t o r i e s  was t r a c e d  f o r  balloons t h a t  passed c l o s e  t o  
t h e  o r i g i n  of t h e  r e a l  bal loon t r a j e c t o r i e s .  For convenience , an a r e a  
of 5 degrees of l a t i t u d e  and 2k degrees of longi tude surrounding Iwakuni 
was chosen. The t r a n s i t i o n s  a r e  shown i n  Table 7 .  The t r a n s i t i o n  
p r o b a b i l i t i e s  computed from t h i s  subset  of d a t a  a r e  compared with the 
r e a l  balloon t r a j e c t o r i e s  i n  Table 8. We note  t h a t  t he  correspondence 
i n  t h i s  subset i s  somewhat b e t t e r  than t h e  e n t i r e  sample of Mintz t ra jec-  
t o r i e s ,  but t h a t  t he re  a r e  s t i l l  some r a t h e r  d i s t u r b i n g  d i f f e r e n c e s .  
The quest ion t o  be answered a t  t h i s  po in t  i s  whether t h e  d i f f e r e n c e s  
between the t r a n s i t i o n  p r o b a b i l i t i e s  a s  computed from the  r e a l  bal loons 
and the Mintz balloons a r e  r e a l l y  s i g n i f i c a n t  o r  a r e  caused by sampling 
v a r i a t i o n s .  The hypothesis i s  t h e r e f o r e  made t h a t  t h e r e  i s  a s i n g l e  
s e t  of t r a n s i t i o n  p r o b a b i l i t i e s  p i j  and t h a t  t he  r e s u l t s  of both t h e  
r e a l  balloons and the  Mintz bal loons a r e  simply two d i f f e r e n t  samplings 
from t h i s  populat ion.  I f  d i s t r i b u t i o n  a t  day t+l of t h e  bal loons which 
o r i g i n a t e  i n  a s i n g l e  region i s  considered as a multinomial d i s t r i b u t i o n ,  
then i t  i s  poss ib l e  t o  use t h e  technique developed by Goodman(6) t o  
t es t  t h e  hypothesis t h a t  t h e  r e a l  t r a n s i t i o n  p r o b a b i l i t i e s  and t h e  Mintz 
t r a n s i t i o n  p r o b a b i l i t i e s  a r e  d i f f e r e n t  samples from the  s a m e  population. 
I f  t h i s  hypothesis i s  r e j e c t e d  a t  the  f ive-percent  l e v e l  ( t ha t  i s ,  t he re  
being only one chance i n  twenty t h a t  t he  samples are from one populat ion) ,  
then w e  m u s t  conclude t h a t  t he  Mintz t r a j e c t o r i e s  a r e  not a good 
s e n t a t i o n  o f  the real  motion of balloons.  
2 Goodman proposes a s t a t i s t i c ,  y , which, i f  t h e  two samples 
drawn from one populat ion,  would have a x2 d i s t r i b u t i o n  with t h e  
number of degrees of freedom equal  t o  1-k, where k i s  the  number 
i n  the  multinomial d i s t r i b u t i o n .  
repre-  
a r e  







T a b l e  7 
SELECTED MINTZ TRAJECTORIES 
To 
NM-1 NM-2 NM-3 NM-4 NE NP Total 
11 22 0 0 0 0  33 
0 i 3  i9 0 o c  32 
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COMPARISON BETWEEN FRACTION OF REAL BALLOONS 
AND FRACTION OF SELECTED MINTZ TRAJECTORIES 
MOVING FROM SECTOR TO SECTOR 
To 
EM-1 “-2 m-3 m-4 NP Tr>+_al 
.21 .72 .035 .OO .035 .OO 1.0 
(033) (-67) (-00) (.OO) (.OO) (.OO) 1.0 
.05 .22 .54 .05 .12 .02 1.0 
L O O )  (-41) (.59) L O O )  (.OO) (.OO) 1.0 
.OO . 00 .43 .36 .21 . 00 1.0 
(-00) (.OO) (.31) (.65) (.OO) (.04) 1.0 





Table 9 shows the  values  of y2 f o r  t h e  d i s t r i b u t i o n  of ba l loons  
s t a r t i n g  i n  the regions NM-1, NM-2, and NM-3. Also  i n  Table 9 are the  
values  of x2 which would be exceeded 5 percent  o f  t he  t i m e  if t h e  hypo- 
t h e s i s  were t rue .  The values  of  t h e  y s t a t i s t i c  exceed t h e  5 percent 
values  of x2 f o r  one of t h e  t h r e e  cases  which would i n d i c a t e  t h a t  t h e  
hypothesis was not t r u e .  
t h a t  the Mintz t r a j e c t o r i e s  a r e  a good r e p r e s e n t a t i o n  of t he  rea l  b a l -  
loon t r a j e c t o r i e s .  
2 





VALUES OF y2 AND x2 FOR BALLOONS STARTING I N  EACH 




It can be seen i n  Table 7 t h a t  t h e  Mintz t r a j e c t o r i e s  do not show 
a f i n i t e  p r o b a b i l i t y  of moving i n t o  the  e q u a t o r i a l  regions,  whereas t h e  
r ea l  balloons i n d i c a t e  a q u i t e  r e spec tab le  p r o b a b i l i t y  of being c a r r i e d  
t o  these  regions.  It i s  p o s s i b l e ,  t h e r e f o r e ,  t o  propose a s i m p l e  hypo- 
t h e s i s  t h a t  t h e  p r o b a b i l i t y  of a t r a n s i t i o n  t o  t h e  e q u a t o r i a l  regions 
i s  t h e  same f o r  both the  Mintz and t h e  r e a l  t r a j e c t o r i e s .  For t h e  r e a l  
bal loons,  t h e r e  a r e  10 t r a n s i t i o n s  i n t o  the  e q u a t o r i a l  regions ou t  of 
112 t r a n s i t i o n s  y i e l d i n g  a p r o b a b i l i t y  of 0.0894. 
t o r i e s  t he re  a r e  no e q u a t o r i a l  t r a n s i t i o n s  out of 91 y i e l d i n g  a probabi l -  
i t y  of zero.  
Assuming t h e r e  i s  no r e a l  d i f f e r e n c e  between these  two, t h e  pooled d a t a  
y i e l d  a p r o b a b i l i t y  of 0.0493. 
of p r o b a b i l i t y  according t o  large-sample theory i s  0.0305. The a c t u a l  
d i f f e rence  exceeds the  s tandard d e v i a t i o n  of the d i f f e r e n c e  by a f a c t o r  
of more than two, s o  t h e r e  i s  less than  one chance i n  twenty t h a t  t h i s  
sample of Mintz t r a j e c t o r i e s  would have no e q u a t o r i a l  t r a n s i t i o n s  i f  i t  
For the  Mintz t r a j e c -  
The d i f f e r e n c e  i n  p r o b a b i l i t i e s  i s  t h e r e f o r e  0.0894. 
The s tandard d e v i a t i o n  of t h e  d i f f e r e n c e  
-23 - 
were drawn from the  same population as  t he  r e a l  bal loons.  
-. i n e  r e s u i t s  of these tests of the a p p l i c a b i l i t y  ef t he  Mintz nodel  
t o  the  t r a j e c t o r i e s  of bal loons i n  the  r e a l  atmosphere suggest  t h a t  t he  
dep le t ion  of bal loons i n  t h e  e q u a t o r i a l  regions,which w a s  d i scussed  i n  
connect ion w i t h  t he  t r a n s i t i o n -  p robab i l i t y  matrix, a r e  an a r t i f a c t  of t h e  
model and not  a real phenomenon. 
t h e  model i n  the t r o p i c a l  regions;  he be l i eves  t h a t  t he  l ack  of an 
adequate h-m-iditg tern i n  his eqaations produced a Hadley c e l l  t h a t  was 
t o o  s t rong  and too  broad. (7) A new model being programed w i l l  c a r r y  
water  vapor a s  an e x p l i c i t  va r i ab le ,  which might produce r e s u l t s  t h a t  
a r e  more i n  accord with t h e  r e a l  atmosphere. 
Mintz i s  aware of the shortcomings of 
-24- 
111. AN EXAMPLE OF THE USE OF THE TRANSITION MATRICES 
Despite t h e  f a c t  t h a t  t he  Mintz t r a j e c t o r i e s  are not t r u l y  repre-  
s e n t a t i v e  of t h e  r e a l  atmosphere, t h e  t r a n s i t i o n  ma t r i ces  t h a t  have been 
constructed can be used t o  demonstrate how t h i s  p r o b a b i l i s t i c  approach 
might be used t o  p r e d i c t  t h e  a r e a l  d i s t r i b u t i o n  of bal loons and t o  ad- 
j u s t  t he  launchings t o  o b t a i n  an optimal d i s t r i b u t i o n .  
L e t  u s  suppose t h a t  a t  day ze ro  an even d i s t r i b u t i o n  had been 
achieved with 30 bal loons i n  each region.  
reach t h i s  s t a t e  i s  d i f f i c u l t  t o  determine, but i t  is hoped t h a t  f u r t h e r  
study w i l l  show how t h i s  can be done.) 
number of balloons and t h e  s tandard dev ia t ion  of t hese  expected numbers 
a r e  a s  shown i n  t h e  f i r s t  two columns of Table 10. The t h i r d  column 
shows a hypo the t i ca l  d i s t r i b u t i o n  of bal loons t h a t  would be h igh ly  
probable according t o  t h e  mean and s tandard dev ia t ions  given i n  the  
f i r s t  t w o  columns. Although the number of bal loons i n  each region was 
chosen t o  be a reasonably probable r e s u l t  of t h e  nine-day t r a n s i t i o n  
ma t r ix ,  the numbers placed i n  the  regions t h a t  would feed i n t o  NE-3 i n  
t h r e e  add i t iona l  days were d e l i b e r a t e l y  chosen t o  be l o w  t o  show how an 
anomaly could develop i n  t h e  p a t t e r n .  I f  t h e  numbers i n  the t h i r d  
column of Table 10 a r e  now considered t o  be a reasonable observed d i s -  
t r i b u t i o n  of t h e  i n i t i a l  1020 bal loons and the three-day ma t r ix  of 
Table 3 is  app l i ed  t o  t h i s  d i s t r i b u t i o n ,  t he  expected number of bal loons 
i n  NE-3 would be only 7.43. 
(The launching s t r a t e g y  t o  
Nine days l a t e r  t h e  expected 
I f  i t  were important t o  have good coverage i n  NE-3, a d d i t i o n a l  
bal loons would have t o  be launched. The maximum t r a n s i t i o n  p r o b a b i l i t y  
from the three-day ma t r ix  i s  0.253 t h a t  t h e  balloons w i l l  s t a y  i n  NE-3.  
The best  chance of i nc reas ing  the number of bal loons i n  NE-3 a f t e r  t h r e e  
days i s  t o  launch the bal loons i n t o  NE-3.  The land masses a v a i l a b l e  
f o r  launching i n t o  t h i s  region a r e  the  western p o r t i o n  of Afr ica  and 
the  a rea  of t h e  Guianas i n  South America. Because NE-2 i s  the  region 
with the  next h i g h e s t  p r o b a b i l i t y  of t r a n s f e r  t o  NE-3 ,  i t  might be 
l o g i c a l  to  choose South American launch s i t e s  t o  achieve t h e  des i r ed  
coverage. I n  any even t ,  i t  would r e q u i r e  about 20 bal loon launches t o  
-25 - 
Table 10 
DISTRIBUTION OF BALLOONS BY "MINT2 CIRCULATIO"' 
NINE DAYS AE'TEX A WORLD-WIDE UNIFORM DISTRIBUTION 
Expected D i  s t r i b u t  ior 
Geographi- a f t e r  9 based on 
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- 3  
. 
gain an expected 5 additional balloons. 
The above exercise represents only a crude demonstration of how the 
matrix could be utilized. It is hoped that more efficient methods for 
optimizing the balloon distribution can be developed from the transition 
matrix approach to the dynamics of a free-floating balloon system. We 
believe that further study of the system would provide a great deal of 
insight into the problem of achieving and maintaining a distribution of 
balloons that would yield the maximum amount of information for a given 
investment in balloons and launching equipment. 
6 
I ' -  
I . 
-27 - 
IV. CONCLUSION AND SUGGESTIONS 
W e  have attempted t o  show how a p r o b a b i l i s t i c  model of a system 
of f r e e - f l o a t i n g  bal loons can be cons t ruc ted  and t o  suggest how such 
a model could be used t o  design e f f i c i e n t  launching s t r a t e g i e s .  
r e p o r t  is  only a f e a s i b i l i t y  s tudy because t h e  Mintz t r a j e c t o r i e s  do 
not  produce t r a n s i t i o n  p robab i l i t y  matrices which a r e  adequate r e f l e c -  
t i o n s  of r e a l  atmospheric processes and because we have not had s u f f i -  
c i e n t  time t o  develop a theory of opt imal  launch s t r a t e g i e s .  
convinced, however, t h a t  t h e  approach we  have attempted t o  demonstrate 
can be co r rec t ed  and expanded i n t o  a u se fu l  t o o l  f o r  s tudying  the  problem 
of a t t a i n i n g  an ope ra t iona l ly  usefu l  f r e e - f l o a t i n g  ba l loon  system. 
An adequate set of t r a n s i t i o n  ma t r i ces  might w e l l  be  produced 
This 
W e  a r e  
from the  a c t u a l  weather d a t a  compiled by the  Nat iona l  Meteorology Center.  
The same machine programs f o r  cons t ruc t ing  t r a j e c t o r i e s  t h a t  were appl ied  
t o  t h e  Mintz d a t a  could be adapted t o  the  h i s t o r i c a l  records .  The pro- 
gram we developed t o  convert  t r a j e c t o r i e s  i n t o  t r a n s i t i o n  ma t r i ces  could 
then  be appl ied .  These t r a n s i t i o n  mat r ices  could subsequent ly  be checked 
a g a i n s t  t h e  transosonde da ta  and any o the r  r e a l  bal loon f l i g h t s  t h a t  
nay becane a v a i l a b l e .  W e  be l ieve  t h a t  such a program would avoid the  
b i a s  i n  the  Mintz t r a j e c t o r i e s  and could provide f o r  t he  necessary ad- 
justment  f o r  seasonal  change. 
Given an adequate set of t i a r i a i t i o n  matrices, It shsuld be pcss ib l e  
t o  determine optimum launch s t r a t e g i e s  f o r  any given s e t  of launch 
si tes and any d e s i r e d  d i s t r i b u t i o n  of bal loons.  Although such a pro- 
gram would r equ i r e  resources  of men, money, and machines, i t s  c o s t  
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